A fast and sensitive HPLC coupled with multivariate analysis was utilized to assist the quality assessment of Gentianae macrophyllae radix (Qinjiao). Seventy-six peaks were separated and detected on a fused-core column with 35 min. Principal component analysis and hierarchical cluster analysis of the chromatographic data showed that the 17 batches of Qinjiao could be well categorized into three groups, which were closely related to the origins of them. Partial least square-discriminant analysis (PLS-DA) exhibited that the quality differentiation might be explained by at least four components, in which, gentiopicroside (GE), loganic acid (LA), swertiamarin (SA) were characterized by external reference, one of them was unidentified in this work. The content levels of GE, LA and SA were more relevant to comprehensive quality of Qinjiao than the ones of shanzhiside methyl ester and sweroside was confirmed by the PLS prediction models through analyzing the relevance of the chemical profiling to the levels of them. The present study not only indicated that GE, LA, SA and one unidentified compound were the rational markers to represent the comprehensive quality of Qinjiao but also demonstrated the power of chemical profiling platform in the quality assessment of Chinese medicine herbals.
Introduction
Gentianae macrophyllae radix (also called as Qinjiao in Chinese) widely distributed in northwest plateau district of China (Tibet, Qinghai, Gansu, Sichuan and Yunnan) including G. macrophylla, G. straminea, G. crassicaulis and G. dahurica is officially listed in the Chinese Pharmacopoeia (1) and has been frequently used in clinic for the treatment of rheumatic arthritis, virus, inflammation, pain and hepatitis (2 -8) . Iridoids and secoiridoids such as loganic acid (LA), gentiopicroside (GE), swertiamarin (SA) and sweroside (SE) have been reported as the main compounds of them (2, 3, 5, 9 -13) . Therefore, the content levels of LA and GE are used to evaluate the quality of these four species of Qinjiao in the Chinese Pharmacopoeia based on the chemical characteristic that all of them have a high sum content of LA and GE (.2.5%) (1) . However, due to the complexity of Qinjiao in species or geographical origins and their complex composition, the definite characterization of their therapeutic effect is always a great challenge. For example, recently published paper has reported that Qinjiao from different species or geographical origins have different treating effects on rheumatoid arthritis or pain (3, 5) . Therefore, for the equivalent application of these herbs, it is necessary to establish a suitable method to estimate the variation of quality of them. Several methods including multi-component analysis method by HPLC/HPLC-MS (10 -12, 14, 15), chromatographic fingerprint technology by HPLC/ HPLC-MS (11, 13) , PCR technology (16) , random amplified polymorphic DNA method (17) , DNA bar coding technology (18) and X-ray diffraction method (19) have been reported to comparison and quantitative analysis the quality of Qinjiao from different species or geographical origins even though their related substitutes. However, as far as chemical composition of Qinjiao to be concerned, chromatographic fingerprint technology has exhibited more powerful capability than multi-component analysis method. Recent year, beyond the chromatographic fingerprint technique, chemical profiling technique could demonstrate more information using multivariate analysis method in the quality control (QC) of herbal medicine (20) . Whether the standardization of Qinjiao by LA and GE, or other constituents is representative of the comprehensive quality of Qinjiao is still suspectable. Therefore, this work was to comprehensively evaluate the quality of 17 batches of Qinjiao using a chemical profiling platform and screen out the rational representative compounds of Qinjiao. Plant materials and sample preparation Seventeen batches of G. macrophyllae radix (Qinjiao) were gathered from different species or geographical origins ( Table I ). The seventeen batches of Qinjiao were blinded to the analysts with a randomized label generated by the study designer. Samples 1 -17 were blinded to batches A -Q. Each sample batch was prepared in triplicate. 0.5 g fine powder of each sample was placed in a 50-mL volumetric flask. Twenty milliliters of methanol were added and sonicated for 30 min at 508C (Transsonic KH-300DB; Kunshan Hechuang Ultrasonic Instrument Co., Ltd.). The sample was left to cool to room temperature. Each sample was filtered through a 0.2-mm nylon syringe filter (JINTENG). A hundred microliters of aliquots from each sample were combined in a representative pooled sample as the QC sample (20) . An aliquot of 5 mL of sample was injected into the column for analysis.
Experimental

HPLC conditions for chemical profiling analysis
The separation was performed on a fused-core column (Kinetex XB-C18, 2.6 mm, 150 Â 4.6 mm) at 308C. Five microliters of samples were gradient eluted at 0.6 mL/min using (A) water containing 0.1% formic acid and (B) acetonitrile (0 -10 min, 9 -11% B; 10 -15 min, 11 -15% B; 15 -25 min, 15 -25% B; 25 -35 min, 25 -25% B; 35-37 min, 25 -9% B; 37 -40 min, 9 -9% B). The QC sample was injected three times at the beginning of the analytical run to precondition the system and inserted every three to four samples to monitor the potential system drift of the analytical run.
Data processing and multivariate analysis Data processing and multivariate analysis procedures were similar to those in our previously published paper (20) . Briefly, the chromatographic data were acquired by the Empower work station for LC systems. The parameters used for peak integration were retention time of 2 -35 min, minimum area of 10,000, advanced baseline calibration mode and vertical shoulder peak mode. No specific peak was excluded. The resulting data set was exported to SIMCA-Pþ software 12.0 (Umetrics) for multivariate analysis. Principal component analysis (PCA) was initially used to visualize general clustering, trends and outliers among the observations. Hierarchical cluster analysis (HCA) of the PCA scores was used to generate a dendrogram of the 17 batches of Qinjiao. Thereafter, partial least-squares discrimination analysis (PLS-DA) was carried out.
Measurement the content levels of five compounds in 17 batches of Qinjiao
Sample preparation and HPLC conditions Sample preparation procedure and HPLC analysis of five compounds (LA, SM, SA, GE and SE) were consistent with the chemical profiling analysis.
Preparation of calibration standards solutions
Five standard compounds were accurately weighed and dissolved in methanol into mixed standard solution, which was consecutively diluted into a series of mixed working standard solutions (concentrations of 1.10 -1124.00, 1.33 -1362.00, 1.26 -1294.00, 5.64 -5780.00 and 1.22 -626.40 mg/mL for LA, SM, SA, GE and SE, respectively) by serial dilution method.
Calibration curve, limit of detection and quantification The mixed working standard solutions at seven different concentrations were injected in triplicates. The data of peak area versus the corresponding concentration were treated using linear least-squares regression analysis. The mixed working standard solution was further diluted to a certain concentration to explore the limits of detection (LODs) and quantification (LOQs). The LOD and LOQ were determined by signal-to-noise (S/N) ratios of 3 and 10, respectively.
Precision and accuracy
The intra-and interday precisions and accuracies were determined by continuously injecting the mixed standard solutions at three levels for five replicates on the same day and three consecutive days, respectively.
Recovery
The recovery test was done by the standard addition approach. Accurate amounts of mixed working standard solutions at three levels were added to identical batch sample with five parallels. The recovery was figured out according to the following formula: recovery (%) ¼ (amount detected 2 original amount)/ amount spiked Â 100%, and RSD (%) ¼ (standard deviation of recoveries/mean of recoveries) Â 100%. Figure 2 shows the chromatograms of the 17 batches of Qinjiao and mixed standards solution at 240 nm. Seventy-six peaks are well separated and detected from 2 to 35 min ( Figure 2 ). Peaks 24, 28, 34, 40 and 41 are identified as LA, SM, SA, GE and SE, respectively, by comparison with the standards compounds. 
Results
HPLC method development
Validation of the analytical run for chemical profiling analysis
The chromatograms of QC samples (QC1-QC17) have high similarity (Supplementary Material, Figure S1 ). The plot of the data set of PCA scores, including QC samples is illustrated in Figure 3 , in which, all QC samples cluster well in the scores plot, indicating that the present method is robust throughout the analytical run.
Chemical profiling of 17 batches of Qinjiao
The plot of the data set of PCA scores without QC samples is illustrated in Figure 4A . Subsequently, the HCA dendrogram of the PCA scores is drawn and shown in Figure 4B , in which 17 batches of Qinjiao are clearly categorized into three groups (the rescaled distances among the groups are all .6,000). Batches A, B, I, K and L are classified into Group 1. Batches D, G, H and O are clustered into Group 2. Batches C, E, F, J, M, N, P and Q are clustered into Group 3. In addition, it is clearly observed from Figure 4B that the chemical profiling of Groups 1, 2 and 3 could be further categorized into two to three smaller groups while the rescaled distance among all the batches are all ,2,000. By comparison of the categorization of 17 batches of Qinjiao by HCA with the typical HPLC chromatograms at 240 nm (Fig. 2) , it is easily observed that the peak heights of peaks 24, 33, 34 and 40 are significantly different during three Groups. Whether or not these peaks result in the categorization needs to be further investigated. The PLS-DA scores plot demonstrates the same clustering and categorizing pattern as the PCA scores plot (Supplementary Material, Figure S2 ).
Identification of marker components responsible for chemical profiling of Qinjiao PLS-DA of the HCA classification was performed to identify the characteristic components that have the most influence on the Chemical profiling of 17 batches of Qinjiao (Supplementary Material, Figure S2 ). The PLS-DA loading plot is illustrated in Figure 5 . An arbitrary loading threshold was set on the loading plot at +0.15 for w*c [1] and at +0.20 for w*c [2] and is highlighted in gray. The selection of the threshold was further verified by a correlation study described below and similar to our recently published paper (20) . Hence, the variables located outside the threshold region are regarded as the components that contributed most significantly to the categorization of the 17 batches of Qinjiao. Four components shown in Figure 5 including peaks 24, 33, 34 and 40 were regarded as the marker components. In combination with the HPLC chromatograms at 240 nm (Figure 2 ), the preliminary results above showed that the chemical profiling differentiation might be explained by four components including peaks 24 (LA), 34 (SA), 40 (GE) and 33(unidentified compound). To further certify which compounds contributed most to the comprehensive Chemical profiling of Qinjiao, the correlation between the chemical profiling and content levels of relative compounds in Qinjiao was investigated.
Measurement of five known constituents in Qinjiao
Method validation HPLC analysis of five compounds (LA, SM, SA, GE and SE) of Qinjiao was validated in this work. The typical HPLC chromatograms of the mixed standard solution and Batches A -Q of Qinjiao are shown in Figure 2 . The linear ranges of the method are 1.10 -1124.00, 1.33 -1362.00, 1.26 -1294.00, 5.64 -5780.00 and 1.22 -626.40 mg/mL for five compounds (LA, SM, SA, GE and SE) with all correlation coefficients .0.9990. The LODs and LOQs of this method are 0.27 and 0.55 mg/mL for LA, 0.33 and 0.67 mg/mL for SM, 0.32 and 0.63 mg/mL for SA, 0.35 and 0.71 mg/mL for GE, 0.30 and 0.61 mg/mL for SE, respectively. The intra-and interday precisions expressed as the RSD of three QC levels are below +2.5% for all analytes. The mean recoveries of five compounds (LA, SM, SA, GE and SE) are between 96.24 and 102.21%. Content levels of five compounds in 17 batches of Qinjiao The content levels of five compounds (LA, SM, SA, GE and SE) in 17 batches of Qinjiao were evaluated and listed in Table I . The results revealed that the content level of GE, LA and SA account for 62.67, 15.30 and 14.18% in the total content level of five measurement compounds, respectively, which indicated that GE may be the main constituent of Qinjiao.
Correlation between the PLS-DA categorization and the quantitative analysis It is easily observed that the content levels of GE, LA and SA (Table I) seem to be related to the PLS-DA categorization of 17 batches of Qinjiao. In this work, similar to our previously published paper (20) , five compounds including LA, SM, SA, GE and SE were investigated by PLS regression analysis was utilized to validate this observation. After establishing the regression equation between the predicted Y level and the assayed Y level, the linear coefficients of LA, SM, SA, GE and SE were 0.9946, 0.8094, 0.9911, 0.9996 and 0.8074, respectively. So far, it is clearly observed that GE ( peak 40), LA ( peak 24) and SA ( peak 34) exhibited the best correlations than the ones of SM ( peak 28) and SE ( peak 41). This result is consistent with the PLS-DA loading score analysis ( Figure 5) showing that the loading scores of peaks 24, 34 and 40 are higher than those of peaks 28 and 41. Hence, it is concluded that the unidentified compounds ( peak 33) is also the similar to SA ( peak 34). The results of the present work indicate that the differences of chemical profiling between batches of Qinjiao are mainly related to the content levels of LA, GE, SA and peak 33 (unidentified compound). In this regard, GE, LA, SA and one unidentified compound were the rational markers to represent the comprehensive quality of Qinjiao.
Discussions
In this work, an isocratic elution performed on a fused-core column was developed and optimized to guarantee the highest chromatographic resolution. The present HPLC method exhibits a much more powerful separation capability compared with previously published methods (10, 11, 13, 14, 21) . In addition, to guarantee the highest sensitivity and sufficient peaks for chemical profiling analysis, 240 nm was selected as the UV detection wavelength in this study through comparing with chromatograms of Batch E at four UV detection wavelength (l ¼ 220, 240, 254 and 280 nm) (Supplementary Material, Figure S3 ).
Interestingly, while comparing the categorization of 17 batches of Qinjiao by HCA to their species classification information listed in Table I , it was clearly observed that the HCA categorization was well correlated to the species classification information. In brief, Group 1 (Batches A, B, I, K and L) and Group 2 (Batches D, G, H and O) were confirmed accurately as G. macrophylla and G. straminea, respectively. Group 3 (Batches C, E, F, J, N, P and Q) was also confirmed accurately as G. crassicaulis. However, one sample (Batch M) from G. straminea should be belong to Group 2 was misjudged as Group 3. In which, we deduced the geographical origins variation was the main influence factor. In fact, while comparing the categorization of the same specie by HCA to their geographical origins classification information listed in Table I , it was easily observed that the same species of Qinjiao was further well differentiated and categorized into smaller groups based on their different geographical origins.
The results have shown that four chemical compounds including LA, GE, SA and one unidentified compound ( peak 33) are the rational components responsible for comprehensive quality of Qinjiao. From Figures 1 and 5 , it is easily deduced that the chemical structure information of peak 33 is similar to peak 34 (SA), and this hypothesis needs to be further investigated in future.
Conclusion
This work presented the power of HPLC-UV-based chemical profiling platform in the quality assessment of Chinese medicine herbals. Results of the present work indicated that the comprehensive quality difference of batches of Qinjiao was mainly derived from their origins of the raw materials and related four chemical compounds including GE, LA, SA and one unidentified compound.
Supplementary Material
Supplementary materials are available at Journal of Chromatographic Science (http://chromsci.oxfordjournals.org). [2] and is highlighted in a gray ellipse.
Funding
